This paper reviews the developments of self-etching primers and adhesives, with a special focus on the effect of acidic adhesive monomers and polymerization initiators on bonding to ground, smear layer-covered teeth. Ionized acidic adhesive monomers chemically interact with tooth substrates and facilitate good bonding to ground dentin. Polymerization initiators in self-etching primers further promote effective bonding to ground dentin. To promote bonding to both dentin and enamel, phosphonic acid monomers such as 6-methacryloyloxyhexyl phosphonoacetate (6-MHPA) were developed. These novel adhesive monomers also have a water-soluble nature and are hence endowed with sufficient demineralization capability. A new single-bottle, self-etching, 2-hydroxyethyl methacrylate (HEMA)-free adhesive comprising 6-MHPA and 4-acryloyloxyethoxycarbonylphthalic acid (4-AET) was developed. This novel adhesive enabled strong adhesion to both ground enamel and dentin, but its formulation stability was influenced by pH value of the adhesive. To develop hydrolytically stable, single-bottle, self-etching adhesives, hydrolytically stable, radical-polymerizable acidic monomers with amide or ether linkages have been developed.
INTRODUCTION
Over the past decade, the field of adhesive dentistry has been revolutionized by major advances in bonding technology 1) . When dental adhesives were in the early stages of development, the smear layer on superficial ground dentin was a considerable hindrance to effective dentin bonding. In early 1990s, this hurdle was overcome with the development of self-etching primers which contain acidic adhesion-promoting monomers (adhesive monomers) for direct bonding to smear layer-covered dentin. Besides these adhesive monomers, polymerization initiators in self-etching primers further promote effective bonding to ground dentin.
There are two broad categories of hydrophilic acidic moiety of adhesive monomers, which may be utilized in adhesive monomers, and they include carboxylic acid group or its anhydride group, and phosphoric acid group or phosphonic acid group 2) . Ionized acidic adhesive monomers are able to chemically interact with tooth substrates [3] [4] [5] [6] and contribute to good bonding to ground dentin. Notably, contemporary self-etching primers and one-step self-etching adhesives enable direct bonding to smear layer-covered dentin by forming a stable micromechanical retention in dental hard tissues without the use of a separate acid-etching step [7] [8] [9] . Clinical use of these self-etching adhesives also reduced the incidence of post-operative sensitivity 10) . However, a number of compromises have to be made when self-etching primers are simplified into single-bottle adhesive formulations 11) that usually contain both adhesive monomers and water-soluble monomers (e.g., 2-hydroxyethyl methacrylate, HEMA) within the same formulation 11) . However, HEMA has some drawbacks, and is now still discussed with doubt in biological standing point and bonding durability to dentin 12) . For bonding to both ground enamel and dentin, we developed phosphonic acid monomers such as 6-methacryloyloxyhexyl phosphonoacetate (6-MHPA). In terms of molecular structure, they were designed with a water-soluble nature to ensure sufficient demineralization of dental hard tissues even in the absence of HEMA 2, 13, 14) . A new, single-bottle, self-etching, HEMA-free adhesive was thus developed, but its stability was influenced by pH value of the formulation. To improve formulation stability, continuous research and development efforts in synthetic organic chemistry 2) brought to fruition the development of numerous hydrolytically stable acidic monomers recently. An excellent review paper was presented by Moszner et al. 15) on the chemical aspect of self-etching dentin-enamel adhesives, with a specific focus on hydrolytically stable adhesive monomers and cross-linking monomers.
In this review paper, the aim was to discuss the development of self-etching primers and adhesives from a different perspective, namely the effect of acidic adhesive monomers and polymerization initiators on bonding to ground, smear layer-covered enamel and dentin. With information sources collated from original scientific papers, reviews, and patent literatures, this paper tracked and arranged their early to recent developments into 10 chapters as follows:
A review of the developments of self-etching primers and adhesives -Effects of acidic adhesive monomers and polymerization initiators on bonding to ground, smear layer-covered teeth Chapter 1: Early developments for bonding to dental hard tissues;
Chapter 2: Acidic adhesive monomers commercially utilized for dental primers and adhesives;
Chapter 3: Early developments in bonding to ground, smear layer-covered dentin;
Chapter 4: Effect of phosphoric acid monomercontaining, self-etching primers on bonding to ground, smear layer-covered dentin;
Chapter 5: Effect of polymerization accelerators in 4-AET-containing self-etching primers on bonding to ground, smear layer-covered dentin;
Chapter 6: Development of amino acid derivatives with polymerizable functional groups for bonding to dentin;
Chapter 7: Effect of a water-soluble photoinitiator (QTX or APO-Na) in self-etching, all-in-one adhesives on bonding to ground teeth;
Chapter 8: Development of novel phosphonic acid monomers for improved bonding to smear layer-covered teeth;
Chapter 9: Development of single-bottle, selfetching, HEMA-free adhesives for bonding to ground teeth;
Chapter 10: Development of hydrolytically stable adhesive monomers for self-etching adhesives.
CHAPTER 1: EARLY DEVELOPMENTS FOR BONDING TO DENTAL HARD TISSUES

Bonding to etched enamel versus bonding to etched dentin
In 1955, Buonocore 16) first demonstrated that a methacrylic resin could be strongly bonded to acid-etched enamel, thereby establishing the so-called acid-etching technique for bonding to enamel. Bonding mechanism to etched enamel is based on micromechanical interlocking with the resin tags formed after acid-etching of enamel, in which bonding resin penetrates the microporous structure of enamel prisms created by demineralization. Therefore, long-term durability of enamel bonding was produced 17, 18) . However, bonding to dentin is more problematic and elusive due to the structure and nature of dentinal tissues with a smear layer on superficial ground dentin. The enamel substrate consists of 97 wt% (92 vol%) mineral [mainly hydroxyapatite (HAp)], whereas the dentin substrate consists of 50 vol% mineral (mainly HAp), 30 vol% organic matrix (mainly collagen), and 20 vol% water 19, 20) . Differences in structural organization and mechanical properties between enamel and dentin thus account for differences in bonding mechanism and efficacy.
Bonding of 4-META-MMA/TBBO resin to 10-3 solutionetched dentin
In 1982, Nakabayashi 21) et al. reported that 4-methacryloyloxyethoxycarbonylphthalic anhydride (4-META)-containing, tri-n-butylborane oxide (TBBO)-initiated methyl methacrylate (MMA) resin (4-META-MMA/TBBO resin) exhibited strong adhesion (about 18 MPa) to dentin treated with 10-3 solution (10 wt% citric acid + 3 wt% ferric chloride). It was thought that the effective bonding of 4-META-MMA/TBBO resin to etched dentin was not only due to TBBO initiation at the moist dentin-resin interface, but also due to interaction of 4-META with the dentin substrate. Leveraging on the favorable result obtained for 4-META-MMA/TBBO resin, a commercial product, Super-Bond C&B (Sun Medical Co. Ltd., Shiga, Japan), became available as a revolutionary dental adhesive system in the dental market. However, to date, TBBO has been employed as a polymerization initiator for MMA resins only.
Bonding effectiveness of HEMA/GA-containing primer to EDTA-Na-treated dentin In 1984, Munksgaard and Asmussen 22) pretreated dentin with an ethylenediaminetetraacetic acid sodium salt (EDTA-Na salt) solution. This was followed by bonding to resin composite using an aqueous solution containing 35 wt% HEMA and 5 wt% glutaraldehyde (GA). Similarly, a dentin bond strength of approximately 18 MPa was achieved -as per that reported by Nakabayashi et al. 21) in 1982 for bonding 4-META-MMA/ TBBO resin to pretreated dentin. Being simple and easy to use, attention was thus turned to HEMA-containing water-based primers for bonding light-curing resin composites to dentin.
Interestingly, the underlying bonding mechanism remained unknown until now. It was suggested that an aldehyde group (-CH=O) of GA reacts with an amino group (NH2-) in collagen fibrils to form a Schiff base (-CH=N-) at the surface of EDTA-Na-treated dentin, and that HEMA promotes penetration of resin monomers into the pretreated dentin. Since the bonding system did not contain acidic adhesive monomers, it was improbable for any interaction with HAp in the dentin to take place.
CHAPTER 2: ACIDIC ADHESIVE MONOMERS COMMERCIALLY UTILIZED FOR DENTAL PRIMERS AND ADHESIVES
Molecular structure of acidic adhesive monomers
The typical molecular structure of an acidic adhesive monomer consists of three parts: a polymerizable functional group, a flexible alkylene spacer (=connecting group), and a hydrophilic acidic moiety 2) . For bonding to dental hard tissues, the bonding performance is predominantly influenced by the ability of the hydrophilic acidic moiety to interact with HAp in dental hard tissues. There are two broad categories of hydrophilic acidic moieties, carboxylic acid or its anhydride group versus phosphoric acid group [R-O-P(=O)(OH)2] or phosphonic acid group [R-P(=O)(OH)2]
2) .
Commercially utilized carboxylic acid type adhesive monomers Figure 1 depicts the chemical structures of several carboxylic acid-type adhesive monomers: N-phenylglycine-glycidyl methacrylate (NPG-GMA), an Figure 2 depicts the chemical structures of several phosphorus-containing adhesive monomers: 2-methacryloyloxyethyl phenyl hydrogen phosphate (Phenyl-P), 10-methacryloyloxydecyl dihydrogen phosphate (MDP), 2-methacryloyl ethyl dihydrogen phosphate (Phosmer-M or MEP), dipentaerythritol pentaacrylate phosphoric acid ester (PENTA-P), and 6-methacryloyloxyhexyl phosphonoacetate (6-MHPA).
Commercially utilized phosphorus-containing adhesive monomers
Must-have components in the design of self-etching primers and adhesives
In the design of self-etching primers and adhesives, acidic adhesive monomers are must-have components as they decisively influence the bonding performance to dental hard tissues, by virtue of their hydrophilic acidic moiety's ability to interact with HAp in dental hard tissues.
Apart from functional acidic monomers, polymerization initiators are another must-have component as they decisively contribute toward better adhesion.
Hence, as this paper discusses the developments of self-etching primers and adhesives from their early stages to recent inventions, the roles and effects of acidic adhesive monomers and polymerization initiators on bonding to ground, smear layer-covered teeth were the special focus.
CHAPTER 3: EARLY DEVELOPMENTS IN BONDING TO GROUND, SMEAR LAYER-COVERED DENTIN
Removal of smear layer on superficial ground dentin A typical smear layer, created on the cut and ground surfaces of dental hard tissues, is about 1.0 µm thick 23) . While the smear layer appears to be relatively solid, it is actually porous and which permits water and solutes to pass through 24) . In the design of dentin bonding systems, an important issue to address is how to remove the smear layer on superficial ground dentin. Therefore, dentin bonding systems can be categorized according to their treatment methods for smear layer-covered dentin 24) . Although smear layer can be removed with strong acid-etching of the dentin substrate, it does not always result in good adhesion. Hence, the quest for strong, durable adhesion to ground, smear layer-covered dentin led to the development of self-etching primers and adhesives without the use of separate acid-etching treatment. In this review, the focus would be on bonding to ground, smear layer-covered, but unetched dentin.
Effect of HEMA/water-based primer on bonding to ground dentin
In 1988, Aasen and Oxman 25) invented a primer composition for bonding to ground, smear layer-covered, but unetched dentin. The primer comprised the following constituents: water, a water-soluble film former (i.e., HEMA), and an acid. Bond strength to ground dentin was ca. 10 MPa. Although this water-based primer comprised acidic components such as inorganic acids (e.g., phosphoric acid) and organic acids (e.g., methacrylic acid), it did not contain the conventional acidic adhesive monomers.
CHAPTER 4: EFFECT OF PHOSPHORIC ACID MONOMER-CONTAINING SELF-ETCHING PRIMERS ON BONDING TO GROUND, SMEAR LAYER-COVERED DENTIN
Early developments of phosphoric acid monomercontaining self-etching primers
In early 1990s, HEMA/water-based self-etching primers containing acidic adhesive monomers emerged as a new bonding technology for bonding to ground, smear layercovered dentin 7, 8, 26) . In 1994, Watanabe et al. 8) investigated the effect of the content of phosphoric acid monomer in primers on bonding to ground, smear layer-covered dentin. Differing concentrations of Phenyl-P, MDP, and Phosmer-M (or MEP) in 30 wt% HEMA aqueous solution were evaluated using tensile bond strength (TBS) test and transmission electron microscopy (TEM) 8) . 20 wt% Phenyl-P achieved a TBS result of 10.4±1.8 MPa, which was significantly higher (p<0.05) than those of 20 wt% Phosmer-M (4.4±1.0 MPa) and 20 wt% MDP (3.6±1.5 MPa) ( Table 1) 8) . TEM study revealed that Phenyl-P penetrated beyond the smear layer, demineralized the superficial hydroxyapatite crystals, and created diffusion channels around the collagen fibrils of the underlying dentin matrix 8) . When applied to the smear layer, this resin system demineralized the smear layer and incorporated it into the applied resin which penetrated a short distance into the underlying dentin, thereby creating a hybrid layer (about 2 µm thick) that contained the original smear layer 8) .
Controversy surrounding Phenyl-P and MDP on dentin bonding efficacy TBS tests in early studies 8) revealed that the dentin bonding effectiveness of phosphoric acid monomers ranked as follows: Phenyl-P>MEP=MDP (Table 1) . Expectedly, Phenyl-P -rather than MDP-became the phosphoric acid monomer of choice in early developments. However, these bonding data subsequently turned out to be questionable as MDP came to be known as a valuable component in many of Kuraray's commercially available self-etching primer systems and single-bottle adhesive systems.
For example, in the year 2000, Tay et al. 26) conducted a study to examine the effect of smear layers on bonding of a self-etching primer system to dentin. The self-etching primer system used was Clearfil SE Bond (or Mega Bond) (Kuraray Co., Osaka, Japan). The ingredients of SE Bond Primer were MDP, HEMA, hydrophilic dimethacrylate, DL-camphorquinone (CQ), N,Ndiethanol-p-toluidine, and water 26) . SE Bond produced high microtensile bond strength (µTBS) (ca. 50 MPa) to ground, smear layer-covered human dentin. Although the testing methodology is different between µTBS and TBS tests, and that µTBS values are generally 2.0 times greater than conventional TBS values for the same product, it was sufficiently revealed that MDP-containing SE Bond Primer provided effective bond strength to ground dentin.
Effect of HEMA or GM in Phenyl-P-containing self-etching primers on bonding to ground dentin In 1993, Tani et al. 27) examined the wall-to-wall contraction gaps of a resin composite in cylindrical dentin cavities using self-etching dentin primers composed of Phenyl-P (20 wt%) and either HEMA (35 wt%) or glyceryl methacrylate (GM, 35 wt%). Results showed that complete marginal adaptation was obtained only when the primers were combined with an MDPcontaining, dual-curing bonding agent. In 1994, Chigira et al. 7) also investigated the effects of Phenyl-P (5-20 wt%) in HEMA or GM (35 wt%)/ water-based primers on TBS to ground human dentin. Phenyl-P-containing primers promoted strong adhesion of bonding resin to ground dentin. Table 1 Effects of the content of phosphoric acid monomers in HEMA/water-based self-etching primers on tensile bond strength to ground bovine dentin in an early development Table 2 Effect of HEMA or GM in Phenyl-P-containing, self-etching primers on tensile bond strength to ground human dentin in an early development
7)
Dentin treatment pH after 10 seconds of application time. Moreover, surfacecleaning and priming of dentin were successfully combined by application of an aqueous mixture of Phenyl-P and GM or HEMA (Table 2) 7) . These bonding data 7, 28) gave researchers the necessary boost to continue undaunted in their efforts to develop more advanced self-etching primers with greater possibilities.
Water solubility of acidic adhesive monomers and dentin bonding promotion by self-etching primers Self-etching primers were designed to promote adhesion to ground, smear layer-covered dentin. However, since they can dissolve smear layers like acid-etching agents during treatment, it raised the possibility of self-etching primers incorporating the original smear layer into the hybrid layer 9) . On the other hand, bond strengths of early-generation self-etching primers to dentin were low, such that the bond so formed could not exceed the adhesion of the smear layer to dentin 9) . A review of the early developments of self-etching primers as described above collectively suggested that to improve the bonding performance of self-etching primers, it is mandatory and inevitable to improve the degrees of water solubility and ionization of acidic adhesive monomers.
This would then ensure sufficient demineralization of dental hard tissues, and hence strong, durable bonding to dentin.
CHAPTER 5: EFFECT OF POLYMERIZATION ACCELERATORS IN 4-AET-CONTAINING SELF-ETCHING PRIMERS ON BONDING TO GROUND, SMEAR LAYER-COVERED DENTIN
Polymerization
accelerator-containing, self-etching primer for bonding to ground dentin In 1993, Ikemura and Kouro 29) invented a polymerization accelerator-containing, self-etching primer composition which comprised the following constituents: water, an acidic adhesive monomer, an OH-containing monomer (i.e., HEMA), and a curing agent (=a polymerization accelerator). It was indicated for bonding to smear layercovered dentin.
It is well accepted that acidic adhesive monomers play a pivotal role in improving the bonding performance of self-etching primers. It was thought that apart from the acidic adhesive monomers, polymerization initiators could facilitate in situ polymerization to increase the cohesive force of bonding layer at the resin-dentin Table 3 Effect of the structure of -amino acids in 4-AET/HEMA primers on shear bond strength to ground bovine dentin
32)
NH2-CHR-COOH General formula of α-amino acids used 
-(CH2)4-NH2 interface. In this chapter, we will discuss the effects of adhesive monomers and polymerization initiators in HEMA/water-based self-etching primers on bonding to ground dentin by reviewing a series of related studies [30] [31] [32] .
Effect of 4-AET in self-etching primer on adhesion to
ground dentin 4-AET is mildly soluble in water. However, the solubility of 4-AET became markedly increased in the presence of HEMA, a behavior interpreted as the solvation of HEMA for 4-AET. In 1996, we investigated the effect of 4-AET in HEMA/water-containing primer on bonding to ground dentin 30) . Mean shear bond strengths (SBSs) (mean±SD) of 4-AET to dentin (6.5 wt%: 24.2±3.6 MPa; 54.4 wt%: 29.7±12.9 MPa) were significantly higher (p<0.01) than those of NPG-GMA (7.8±1.6 MPa) and maleic acid (MA) (3.8±0.9 MPa). The effective bonding performance of 4-AET was attributed to its divalent -(COOH)2 group, which was able to interact with hydroxyapatite as a ligand monomer 3, 6) . The low bond strengths of NPG-GMA and MA were attributed to the low solubility of NPG-GMA or absence of (meth)acryloyl groups in MA.
Effect of aminobenzoic acid derivatives in 4-AETcontaining self-etching primer on adhesion to ground dentin
Amino compounds, which consist of -COOH and -NH2 groups intramolecularly, act as hydrogen-donating agents with CQ for hydrogen abstraction type of photoinitiation. In 1996, we investigated the effect of aminobenzoic acid derivatives (ABADs) in 4-AETcontaining self-etching primer on SBS to ground dentin 31) . Highest mean SBS was obtained by the primer which contained p-nitroanthranilic acid (p-NAA) (38.0±11.5 MPa), and which was significantly higher (p<0.01) than that of o-aminobenzoic acid (o-ABA) (12.4±2.0 MPa). It was speculated that a substituent group of ABAD, −NO2 group, which is known as a strong electron-withdrawing group and which is concerned with the high acid constant value of p-nitrobenzoic acid (Ka=36.0×10 −5 ) 33) , contributed to the strong adhesion of p-NAA-containing self-etching primer to ground dentin. Therefore, it was suggested that the effective bond results by p-NAA was attributed to an inductive effect of the substituted group (−NO2) on electronegativity.
Effect of amino acids in 4-AET-containing self-etching primer on adhesion to ground dentin
In 1997, we investigated the effect of the structure of -amino acids in 4-AET-containing self-etching primer on SBS to ground bovine dentin 32) . Comparison of SBS results between water-soluble l-hydroxyproline (HPro) and l-proline (Pro) showed that the bond strength of HPro (24.9 MPa) to ground dentin was significantly higher (p<0.01) than that of Pro (8.6 MPa) 32) . Based on the concentration of HPro at which this high bond strength was attained, the optimum concentration of amino acid for bonding to ground dentin in a water/ HEMA mixture was predetermined to be 0.307 mol%.
As seen in Table 3 , bond strength was correlated with the alkyl group (-R) in the structure of -amino acid (NH2-CHR-COOH) with the following tendency: 
Chemical interaction of 4-AET with dentin and bonding mechanism
Increasingly, surface science analysis is being used to elucidate the chemical interaction of adhesive monomers with the dentin substrate. In a previous study 3) , we used Fourier transform infrared (FT-IR)/attenuated total reflection (ATR) spectroscopy to investigate the chemical interaction of 4-AET-solution with dentin apatite. Computerized FT-IR/ATR spectral subtraction indicated that new bands assigned as Ca-carboxylate of 4-AETCa [νC=O (cm −1 ): 1583, 1411] were formed around hydroxyapatite crystals in dentin (Fig. 3) . Spectral bands, a´´, b´´, c´´, and d´´, indicated the difference spectra used for computerized spectral subtraction (Fig.  3) . In another study 6) , we used time-resolved FT-IR/ATR spectroscopy to investigate the in situ interaction changes of 4-AET in a self-etching primer with dentin apatite. It was found that as treatment time for dentin conditioning increased, increase in contact time of 4-AET-solution with dentin apatite resulted in increased formation of 4-AETCa salts on dentin apatite.
On bonding mechanism to ground dentin, it was hypothesized that ionized 4-AET in self-etching primer penetrated beyond the superficial smear layer into the dentin substrate to chemically interact with dentin apatite to form Ca-carboxylate (4-AETCa salts) 3, 6) . Besides, certain ABADs or -amino acids could facilitate in situ photopolymerization with CQ, which was supplied from the light-curing bonding resin placed, at the resin-dentin bonding interface to increase cohesive force of the bonding layer.
The underlying hydrogen abstraction reaction of CQ/amine photoinitiation, being influenced by the electronegativity of substituent groups of ABADs and -amino acids, then resulted in increased SBS to ground dentin 32) . Figure 4 depicts the chemical structures of the amino acid derivatives and the reagents used therewith in this chapter. In a study conducted to assess the priming effect of amino acid derivatives, Ito et al. 34) examined the effects of N-methacryloyl aspartic acid (N-MAsp) and N-acryloyl aspartic acid (N-AAsp) on bonding to dentin. Flat bovine dentin surfaces were treated with an aqueous solution of each amino acid derivative, N-MAsp (concentration: 0-6 wt%) or N-AAsp (0-25 wt%), for 60 seconds. After drying for 15 seconds without rinsing, bonding resin (Clearfil Photo Bond, Kuraray, Osaka, Japan) and resin composite (Clearfil AP-X, Kuraray, Osaka, Japan) were applied, and TBS was measured after 24-hour storage in water. 
CHAPTER 6: DEVELOPMENT OF AMINO ACID DERIVATIVES WITH POLYMERIZABLE FUNCTIONAL GROUPS FOR BONDING TO DENTIN
Effects of N-MAsp and N-AAsp in aqueous solution on bonding to dentin
Spontaneous polymerization of acidic adhesive monomers with amines by charge-transfer reactions
For primers that contained 4-AET, amines or amino acids, and water, one frequently encountered drawback was the tendency toward premature polymerization during storage.
Such phenomenon occurred for N-methacryloyl amino acid derivatives.
In a study conducted to examine the polymerization of dental resins via amine-acid interaction, spontaneous polymerization of an adhesive monomer, an adduct of pyromellitic dianhydride and HEMA (PMDM) (Fig. 1) , was observed on dentin surfaces preconditioned with acidic agents and surface-active amines. Antonucci et al. 35) reported that the acid group (-COOH) of PMDM reacted with amine to form an ammonium salt. The latter converted to initiating radicals via a chargetransfer complex (CT complex).
Proton nuclear magnetic resonance ( 1 H NMR) spectroscopy indicated the formation of ammonium salt as well as changes triggered by charge-transfer reactions. Electron spin resonance (ESR) indicated the formation of biradical species. Collectively, these results suggested a radical polymerization mechanism involving acid-amine complexation and electron transfer. Therefore, a good understanding of these self-initiated polymerization mechanisms will put researchers in good stead in their future designs of dentin adhesives and dual-cure initiator systems that preclude premature, self-initiated polymerization reactions.
Effects of N35A and Na-NTG-GMA on bonding to dentin N-Tolylglycine-glycidyl methacrylate (NTG-GMA), being a methacrylate derivative of N-tolylglycine, undergoes premature polymerization during its synthesis and storage. Such spontaneous, self-initiated polymerization is caused by free radicals, which are generated via the interaction of ternary acryl amine group with carboxyl group of NTG-GMA 35) . To solve this problem, Bowen et al. 36) synthesized N-2-propionic acid-N-3-(2-hydroxy-1-methacryloxy) propyl-3,5-dimethylaniline sodium salt (N35A) by an addition reaction of glycidyl methacrylate (GMA) with sodium salt of N- (3,5-dimethylphenyl) alanine (Na-DMPA), which was formed by alkaline hydrolysis of ethyl-N-(3,5-dimethylphenyl)alanate.
Color stability and adhesion-promoting capability of N35A were compared with those of N-2-acetic acid-N-3-(2-hydroxy-1-methacryloxy)propyl-4-methylaniline sodium salt (Na-NTG-GMA), the latter being widely used in commercial bonding formulations. With N35A, SBS of a hybrid resin composite to human dentin was 30.2±7.5 MPa; with Na-NTG-GMA, it was 29.7±11.8 MPa (n=7 each; t-test: p=0.93). Both compounds polymerized within a few minutes at 23°C when dispensed in aliquots from a stock solution containing benzene (85 wt%), ethanol (14 wt%), benzoyl peroxide (1.0 wt%). However, at equimolar concentrations, N35A suspension was more color-stable than Na-NTG-GMA when stored in air at room temperature (23°C). Figure 5 depicts the chemical structures of the watersoluble photoinitiators and the reagents used therewith in this chapter. In 1990s, Hayakawa et al. [37] [38] [39] found that a water-soluble, visible light photoinitiator, 2-hydroxy-3-(3,4-dimethyl-9-oxo-9H-thioxanthen-2-yloxy)-N,N,Ntrimethyl-1-propanaminium chloride (QTX) (λmax=ca. 500 nm) provided efficient adhesion to ground teeth. In one of their early studies 39) , QTX was added to an aqueous bonding resin comprising methacryloyltyrosine amide (MTYA) and a dialdehyde compound, GA. After 5 minutes of application time on polished dentin, a TBS of 12 MPa was obtained. Data and findings from these early studies [37] [38] [39] eventually culminated in the invention 40) of a water-based, photo-curable adhesive composition which comprised QTX.
CHAPTER 7: EFFECT OF A WATER-SOLUBLE PHOTOINITIATOR (QTX OR APO-NA) IN SELF-ETCHING, ALL-IN-ONE ADHESIVES ON BONDING TO GROUND TEETH
Effect of a water-soluble photoinitiator QTX with MTYA in a self-etching adhesive on adhesion
Effect of QTX with MDP in a self-etching adhesive on adhesion
Hayakawa et al. 39) further investigated the dual effect of QTX and MDP in a self-etching primer on adhesion to ground, smear layer-covered dentin. An experimental self-etching primer containing 30 wt% MDP, 35 wt% HEMA, and 35 wt% water (coded as 30 M; pH=1.02) was prepared. 30 M experimental primers containing 0.5-3.0 wt% CQ or 0.3-5.0 wt% QTX were prepared 39) . Table 4 presents the TBS results of resin composite bonded to polished bovine dentin and enamel using these self-etching adhesives 39) . When compared to the control primer which did not contain any photoinitiator, addition of hydrophobic CQ to 30 M self-etching primer did not increase the bond strength to dentin. On the contrary, the addition of water-soluble QTX at concentrations of 0.3 and 0.5 wt% significantly increased the bond strength to dentin (p<0.05), yielding 12.8 and 11.8 MPa respectively. When applied on enamel, addition of CQ and QTX to 30 M self-etching primer did not result in significantly improved bond strength.
Effects of water-soluble dimethacrylates and MDP in QTX-containing adhesive on adhesion
With the emergence of all-in-one adhesives, Hayakawa et al. 41, 42) investigated the effect of water-soluble dimethacrylates in QTX-containing adhesives on bonding to ground teeth. Aqueous mixtures of 5 wt% MDP, 35 wt% HEMA, 3 wt% QTX, 0.5 wt% ethyl p-(N,Ndimethylamino)benzoate (EDAB), and 30 wt% of a water-soluble dimethacrylate -glycerol dimethacrylate (GMR), glycerol methacrylate acrylate (GAM), or 2,2-bis(4-methacryloyloxy polyethoxyphenyl)propane (BPE)-were prepared. Compositions of all experimental all-in-one adhesives were listed in Table 5 , including a mixture which used N-phenylimino-diacetic acid (PIDAA) instead of EDAB. Table 6 presents the TBS results of resin composite bonded to ground teeth using experimental QTXcontaining adhesives.
Differences in water-soluble dimethacrylate monomer type did not produce any significant differences in TBS to dentin or enamel. The use of PIDAA instead of EDAB produced significantly higher bond strength to dentin and enamel. The TBS of GMR-PIDAA to dentin (19.8±5.2 MPa) was significantly higher than that of GMR to dentin (13.2±3.3 MPa) (p<0.05). For enamel adhesion, there were no significant differences in TBS between GMR-PIDAA and GMR (p>0.05), but the highest mean bond strength to polished enamel (20.8±6.4 MPa) was obtained with GMR-PIDAA 42) . In conclusion, the combination of PIDAA and QTX was effective in improving the bond strength of resin composites to dentin and enamel in an all-in-one bonding system. For water-soluble GMR and GMA, no significant differences in TBS to ground teeth were observed between them and they were deemed useful monomers for self-etching primers 42) .
Bonding mechanism of QTX-containing adhesives with MDP or MTYA to dentin
On bonding mechanism to dentin, it was suggested that Groups from the same column that are identified with the same superscript letters (a, b, and ω) are not significantly different at 0.05 probability. Table 5 Compositions of experimental all-in-one adhesives Unit: wt% in water. Table 6 Tensile bond strengths of resin composite to bovine dentin and enamel with different self-etching QTXcontaining primer adhesives (BPE, GMR, GAM, and GMR-PIDAA)
41)
Self-etching primer adhesive Tensile bond strength (mean±SD, MPa)
Dentin Enamel BPE GMR GAM GMR-PIDAA QTX diffused into moist dentin and initiated an in situ photopolymerization, where acidic adhesive monomers (MDP) interacted with hydroxyapatite in the dentin substrate to form a stronger adhesion to ground dentin than that produced by the hydrophobic CQ/tertiary amine system. Water-soluble dimethacrylates also aided in providing high bond strength to ground enamel and dentin 41, 42) . In an early study by Hayakawa et al. 39) , MTYA was employed as an adhesive monomer. The amino group of MTYA might react with dialdehyde (GA) to form a Schiff base, thereby rendering it incapable of interacting with HAp. This could be the reason that MTYA was discarded and replaced by acidic monomer MDP in QTX-containing, self-etching adhesives in their later studies.
Effect of water-soluble photoinitiator APO-Na with crown ether in single-step, two-bottle adhesive on adhesion
On one hand, water-soluble sodium acylphosphine oxide (APO-Na) was expected to initiate polymerization at tooth surfaces like the TBBO initiator. On the other hand, the behavior of water-soluble photoinitiators with crown ethers in dental adhesives remained to be elucidated. Crown ethers, as clathrate compounds, are able to hold bound inorganic cations (e.g., APO-Na) or amino acids (in NH3 + ) in their cavities. They are known for their ability to strongly solvate cations (ionophore effect) 43) . In a recent study 44) , we investigated the effect of APO-Na with crown ether in a single-step, two-bottle adhesive on adhesion to ground teeth. One experimental adhesive, Adhesive A, contained APO-Na, 18-crown-6-ether (CE-6), 6-MHPA, 4-MET, bisphenol A diglycidyl methacrylate (Bis-GMA), and acetone.
Another experimental adhesive, Adhesive B, contained p-toluenesulfinic acid sodium salt (p-TSNa), water, and acetone. Each experimental adhesive was applied on both ground bovine enamel and dentin. After air-blowing, a resin composite (Beautifil II, Shofu Inc., Kyoto, Japan) was placed and light-cured, and SBS was measured after 24 hours' storage in water.
Adhesives that contained APO-Na with CE-6 produced significantly higher SBSs than without CE-6 (control) (p<0.05). Higher SBS values for bonding to enamel and dentin were achieved with adhesives that contained APO-Na, CE-6, 6-MHPA, and 4-MET [enamel: 19.3 (3.2) MPa; dentin: 20.2 (4.7) MPa]. Therefore, it was found that APO-Na with acidic adhesive monomers (6-MHPA and 4-MET) enabled single-step adhesives to deliver good bonding to ground teeth 44) .
Bonding mechanism of APO-Na-containing adhesive to dentin and biosafety of CEs
Based on the theory of Langmuir-Blodgett (LB) films 45) , it was hypothesized that the ionized hydrophilic parts [i.e., -P(=O)(O -)2, -COO − ] interacted with hydroxyapatite in the tooth substrate, wherein ionized APO-Na (-O -Na + ) initiated in situ photopolymerization at the resin-tooth interface to improve adhesion.
While APO-Na with CE contributed to efficient adhesion with ground teeth, the toxicity of CEs must be duly highlighted at this juncture. The acute LD50 (lethal dose, 50 percent kill) values in mice of 12-crown-4, 15-crown-5, and 18-crown-6 are 3,115 mg/kg, 1,020 mg/ kg, and 710 mg/kg respectively 46) . In view of the biosafety hazards posed by crown ethers, the search is still on for reagents that are biologically safer than crown ethersbut with ionophore effect-to be used in dental adhesives.
CHAPTER 8: DEVELOPMENT OF NOVEL PHOSPHONIC ACID MONOMERS FOR IMPROVED BONDING TO SMEAR LAYER-COVERED TEETH
Conventional phosphorus-containing monomers
When it comes to evaluating the adhesion-promoting functions of phosphorus-containing monomers, most researches have focused on phosphoric acid monomers, such as Phenyl-P (or MEPP) and MDP (Fig. 1) 47) . Relatively little work was done on phosphonic acid monomers.
During the early stages of development of phosphonic acid monomers, vinylphosphonic acid (VPA) and vinylbenzyl phosphonic acid (VBPA) were proposed for bonding to tooth substrates although they exhibited minimal adhesion 48) . The low bond strengths of VPA and VBPA were thought to be caused by their poor water solubility as well as by the absence of a flexible alkylene spacer (=connecting group) in their molecular structures. In a previous study 2) which evaluated the adhesionpromoting functions of phosphonic acid monomers, VBPA exhibited the lowest bond strength -which was attributed to the absence of a connecting group in the molecular structure despite the presence of a phosphonic acid group. Figure 6 depicts the chemical structures of these phosphonic acid monomers and the reagents used therewith in this chapter.
Over the past decade, interest in the use of phosphonic acid monomers was revived because of their superior hydrolytic stability and improved bonding performance to dentin, which we shall discuss later.
Development of novel phosphonic acid monomers
In the quest for new functional monomers with stronger chemical bonding potential to hydroxyapatite in both enamel and dentin 49) , novel phosphonic acid monomers were designed to have a connecting group and a watersoluble nature so that they could achieve sufficient demineralization of dental hard tissues, thereby providing effective bonding to both ground enamel and dentin 2, 13, 14) . In most commercial self-etching primers, their formulations include HEMA and a concentration of up to 50 wt% of conventional adhesive monomers 50) . With these novel phosphonic acid monomers, no HEMA was needed and only a 10 wt%-and-below concentration of phosphonic acid monomers was needed. Figure 7 is a schema of the synthesis pathways of seven kinds of novel phosphonic acid monomers 2, 13, 14) , together with six kinds of acidic adhesive monomers bearing trimellitic acid or its anhydride moiety 51, 52) . The general chemical structure 3 depicts the compounds: 5-methacryloyloxypentyl 3-phosphonopropionate (5-MPPP), 6-methacryloyloxyhexyl 3-phosphonopropionate (6-MHPP), 6-acryloyloxyhexyl 3-phosphonopropionate (6-AHPP), 6-AHPA, 10-methacryloyloxydecyl 3-phos phonopropionate (10-MDPP), 10-methacryloyloxydecyl phosphonoacetate (10-MDPA), and 6-MHPA 2, 13, 14) . The general chemical structures 4 and 5 depict the compounds: 4-META, 4-methacryloyloxypropoxycarbonyl phthalic anhydride (4-MPTA), 4-methacryloyloxyhexy loxycarbonylphthalic anhydride (4-MHTA), 4-methacryloyloxydecyloxycarbonylphthalic anhydride (4-MDTA), 4-AETA and 4-AET.
CHAPTER 9: DEVELOPMENT OF SINGLE-BOTTLE, SELF-ETCHING, HEMA-FREE ADHESIVES FOR BONDING TO GROUND TEETH
Bonding durability of single-bottle, self-etching adhesives to ground teeth
Single-bottle (one-step), self-etching adhesives were recently introduced into the market and are already gaining wide acceptance in clinical dental practice. However, Van Meerbeek et al. 49) cautioned that although there is a tendency to simplify the bonding procedure, the value and relevance of a self-etch adhesive ultimately rest upon its bonding effectiveness and long-term durability. An in vitro durability test showed that the µTBSs of five commercial single-bottle, self-etching adhesives to dentin were significantly (p<0.05) decreased after 100 days of water storage 53) . Similarly, De Munck et al. 54) reported that the µTBSs to dentin of five commercial two-step and one-step self-etching adhesives were markedly decreased after 1-year water-immersion. When Van Landuyt et al. 55) examined whether one-step, self-etching adhesives were really easier to use and better-performing than multi-step systems, they concluded that the former were not always a better alternative to the latter.
Development of a new single-bottle, self-etching adhesive containing PENTA-P
In 2004, Sang et al. 56) invented a dental adhesive composition which claimed strong adhesion to both enamel and dentin with a two-pack self-etching adhesive (2P-SEA) and a one-pack self-etching adhesive (1P-SEA). Figure 6 shows the chemical structures of the materials employed in the invention.
According to patent description, 1P-SEA was prepared as a mixture (parts by weight) comprising 4-META (3.3), PENTA-P (Fig. 2)  (13.3) , 3-acryloyloxy-2-hydroxypropyl methacrylate (AHPMA) (6.7), 2,4,6-trimethylbenzoyl diphenyl phosphine oxide (TMDPO=APO: acylphosphine oxide) (1.7), acetone (42.3), and deionized water (16.7).
Results 56) showed that bond strengths to both dentin and enamel were 25.5 MPa and 33.8 MPa respectively. The high bond strengths obtained by 1P-SEA were thought to be due to a combined effect of acidic phosphorus-containing monomer of PENTA-P with 4-META. As a result, there was increased bond strength to both ground enamel and dentin without the use of a separate acid-etching step. Although 1P-SEA did not contain HEMA, it comprised an OH-containing dimethacrylate monomer, AHPMA.
HEMA and single-bottle, self-etching adhesives
When self-etching primers were simplified into singlebottle adhesive formulations, a number of compromises were made for the benefits of reduced steps and reduced time 12) . Self-etch primers usually contained acidic adhesive monomers, together with both water and watersoluble OH-containing monomers (e.g., HEMA). For single-bottle, self-etching adhesives, radical polymerizable dimethacrylates were typically included in the formulations because they contributed to improving the cohesive force or mechanical properties of the cured adhesive layer.
Although HEMA has been considered as a valuable component in self-etching primers, recent studies have pointed out numerous inherent disadvantages of HEMA. HEMA can be hydrolyzed in acidic solutions within a week at 37°C 57) ; it retains water within the adhesive layer and adversely affects the mechanical strength 58) ; it provides low photopolymerization reactivity 59) . Pashley also noted that the use of HEMA-containing adhesive systems on very wet dentin might create microporous polyHEMA gel domains which were permeable to glucose 12) . In biosafety aspect, HEMA causes sensitized delayed allergic reactions 60) . In light of these bonding durability and biosafety concerns stemming from the use of HEMA, debate is still ongoing about its use in adhesive dentistry 12, 61) .
Development of a new single-bottle, self-etching, HEMA-free adhesive containing 6-MHPA
To tackle the slew of problems pertaining to the use of HEMA, an apparent solution was to develop HEMA-free self-etch adhesives. A new phosphonic acid monomer, 6-MHPA, for HEMA-free adhesives was thus designed and developed 62) . Its bonding effectiveness to ground teeth was investigated, and also the effect of pH value on formulation stability 62) . Two experimental self-etching adhesives, SA-1 (pH=3.0) and SA-2 (pH=2.1), were prepared. They contained 6-MHPA (10 wt%), 4-AET (2.0 wt%), 2,2-bis[4-(2-hydroxy-3-methacryloyloxypropoxy) phenyl]propane (=bisphenol-A diglycidyl methacrylate) (Bis-GMA) (10 wt%), ethylene glycol dimethacrylate (EGDMA) (5 wt%), triethylene glycol dimethacrylate (TEGDMA) (5 wt%), CQ (0.5 wt%), ethyl p-dimethylaminobenzoate (EDAB) (0.5 wt%), acetone (35 wt%), and distilled water (32 wt%), without the use of any water-soluble OH-containing monomers. SA-1 was adjusted to pH=3.0 with 1.0 mol/L NaOH titration. Tables 7 and 8 present the SBS results to ground bovine enamel and dentin using SA-1 and SA-2 adhesives with or without artificially aging (1 to 6 weeks at 50°C in air). On bonding to enamel, no statistically significant differences (p>0.05) in SBSs of SA-1 (pH=3.0) were found for the entire aging period of 6 weeks. With SA-2, statistically significant (p<0.05) degradation in SBS was observed from week 3 to week 6 ( Table 7) . On bonding to dentin, no statistically significant differences (p>0.05) in SBSs of SA-1 were found throughout the aging period of 6 weeks. With SA-2, statistically significant (p<0.05) degradation in SBS was observed from week 4 to week 6 (Table 8) . Results showed that experimental one-bottle, self-etching adhesive SA-1 circumvented hydrolytic degradation of its formulation. Figures 8 and 9 show the scanning electron micrographs (SEMs) of the sectioned surfaces of the resin-tooth interface bonded by adhesive SA-1, which was not aged or 6-week-aged at 50°C in air 62) . A thin bonding layer of ca. 5.0 µm thickness (BR: black line) was seen between the resin composite (CR: upper layer) and bovine enamel or dentin substrate (lower layer). The formations of resin tags around enamel prisms, hybrid layer at the resin-dentin bonding interface, and resin tags in dentinal tubules were not clearly found in all SEMs. It is also noteworthy that the non-aged, HEMA-free adhesive layer was relatively resistant to abrasion (sandblasting with aluminum oxide). This was chiefly because the bonding layer of SA-1 had no inherent disadvantages derived from HEMA [57] [58] [59] [60] , and was thus capable of exhibiting good physical properties with high bonding durability.
SEM observation of resin-tooth interface bonded by selfetching, HEMA-free adhesive
HEMA-free SA-1 enabled resin composites to be bonded effectively to unetched enamel and dentin. By way of extrapolation, SA-1 should also be able to bond orthodontic brackets with adhesive resins to unetched enamel without the use of a separate acid-etching step. Furthermore, since SA-1 was able to form a very thin bonding layer (ca. 5-µm thick) on the tooth substrate with good adhesion and good physical properties, it was expected that SA-1 could be used for immediate sealing of abutment tooth surfaces for prosthodontic crown restorations. This meant that SA-1 could reduce dentinal sensitivity after preparation by sealing the dentinal tubules 10, 11) .
Bonding mechanism of self-etching, HEMA-free adhesive to ground dentin On the bonding mechanism of SA-1 to dentin, it was hypothesized that ionized acidic 6-MHPA and 4-AET Table 7 Effect of pH value of experimental self-etching adhesives on shear bond strength to unetched-ground bovine enamel, using artificially aged adhesives for 6 weeks at 50°C in air 62) Lot Table 8 Effect of pH value of experimental self-etching adhesives on shear bond strength to unetched-ground bovine dentin, using artificially aged adhesives for 6 weeks at 50°C in air 62) Lot Fig. 9 SEM micrographs of sectioned surfaces at the resin-dentin interface bonded by an experimental adhesive which was not aged (a, b) or aged for 6 weeks (c, d) at 50°C in air 62) . CR: resin composite; BR: Bonding resin; D: dentin. SA-1 bonding layer (black line of 5.0 µm thickness) seems to adhere to the ground, smear layer-covered dentin. Hybrid layer is not clearly found at resin-dentin interface bonded by either non-aged or aged SA-1. monomers penetrated the dentin substrate and chemically interacted with Ca 2+ cation of hydroxyapatite [3] [4] [5] [6] to form their calcium salts. Following air-blowing to remove water and solvent and light irradiation, HEMA-free components in the adhesive caused in situ photopolymerization of the penetrated monomers at the resin-dentin interface to achieve good adhesion.
pH stability of self-etching, HEMA-free adhesives and "BeautiBond" The stability of self-etching adhesive formulations was found to be influenced by the pH value. As such, an invention entitled "A pH-controlled adhesive composition" 63) was achieved. Based on the findings through our research and development of dental adhesives, a single-bottle, one-step, self-etching, HEMA-free adhesive resin, BeautiBond (Shofu Inc., Kyoto, Japan) was recently developed. BeautiBond is fast and easy to use as a seventh generation adhesive 64) .
CHAPTER 10: DEVELOPMENT OF HYDROLYTICALLY STABLE ADHESIVE MONOMERS FOR SELF-ETCHING ADHESIVES
Hydrolytic degradation of single-bottle, self-etching adhesives
Water is an indispensable component in self-etching primers and adhesives for the effective ionization of acidic adhesive monomers, and subsequently for the demineralization of dental hard tissues 9, 65) . Ionized acidic adhesive monomers chemically interact with hydroxyapatite 3 6) , creating micromechanical retention 8) in the teeth to form strong adhesion. However, ionization of acidic adhesive monomers decreases the pH value, causing single-bottle, self-etching adhesives to undergo hydrolytic degradation. 67) developed N-methacryloyl-2-aminoethylphosphonic acid (NMEP). Figure 10 depicts the chemical structures of these hydrolytically stable acidic adhesive monomers, which comprise hydrolytically stable amide linkage or ether bond and carboxylic acid group or phosphonic acid group intramolecularly.
On the other hand, Tagami et al. 73) carried out the investigation using N-methacryloyl-5-aminosalicylic acid (NMSA) on dentin pretreated with 10-3 solution. The application of NMSA produced a slight decrease in dentin permeability, indicating the possibility of desensitizing action by NMSA. Although NMSA is one kind of adhesive monomer having amide bond, there was no report related to a hydrolytically stable monomer.
Hydrolytic stability assessment using 13 C NMR spectroscopy In 2010, Ma 70) investigated the hydrolytic stability of self-etching primers, for bonding to dentin, using carbon-13 nuclear magnetic resonance ( 13 C NMR) spectroscopy. Two methacryl amide monomers, NMEP and N-methacryloylglycine (NMGly) (Fig. 10) , and two conventional phosphoric acid monomers, MEP and MDP, were employed.
Experimental self-etching primers (MEP-NMGly, MDP-NMGly, NMEP-NMGly) were prepared and stored for different durations (0 day, 6 weeks, or 14 weeks at 40°C). SBSs between a resin composite (Clearfil AP-X, Kuraray Medical Inc., Tokyo, Japan) and ground bovine dentin applied with one of the experimental primers and a bonding agent (Clearfil SE Bond, Kuraray Medical Inc., Tokyo, Japan) were measured. Table 9 shows the hydrolysis results and mean SBSs before and after being stored for 6 or 14 weeks. When altered MEP-NMGly primer -with 100% degradation after 14 weeks-was applied, mean bond strength significantly decreased from 18.3 to 7.0 MPa. In contrast, the mean bond strength of NMEP-NMGly slightly changed from 18.8 MPa to 17.7 MPa, although the bond strengths were significantly different (p<0.05).
New amide bond-containing phosphonic acid monomers
In 2004, Abuelyaman et al. 71) invented new polymerizable (meth)acrylamide-bisphosphonic acids such as (1-hydroxy-6-methacrylamide hexyliden)bisphosphonic acid (HMHBA) and (1-hydroxy-12-methacrylamide dodecyliden)bisphosphonic acid (HMDBA). According to patent description, SBSs of experimental self-etching primer, which contained 7.5 wt% HMHBA, 42.5 wt% HEMA and water, were 27.7 (2.3) MPa and 11.9 (4.0) MPa to enamel and dentin respectively, when bonded using Single Bond Plus adhesive (3M ESPE, St. Paul, MN, USA).
In 2009, Ikemura et al. 72) invented new N-methacryloyl aminoalkylphosphonic acid monomers. According to patent description, SBS between a light-curing resin composite Beautifil II (Shofu Inc., Kyoto, Japan) and ground enamel, which was applied with experimental self-etching primer comprising 1-[(N-methacryloyl)aminobenzyl]phosphonic acid (MABP) and a light-curing bonding resin Fluoro Bond II (Shofu Inc., Kyoto, Japan), showed 24.7 MPa. By way of extrapolation, MABP should apply to orthodontic adhesives without the use of any acid-etching pretreatment.
The patent 72) also presented N-(6-methacryloylaminohexyl)-3-phosphonopropionamide Table 9 Amount of hydrolyzed methacrylate monomers and mean shear bond strengths of resin to bovine dentin conditioned by MEP-NMGly, MDP-NMGly or NMEP-NMGly primer 70) Self-etching primer Storage period Hydrolyzed amount (%) (6-MAHPP), wherein was claimed that both MABP and 6-MAHPP contributed to the hydrolytic stability and bonding performance of one-bottle, self-etching adhesives.
EPILOGUE
The focus and scope of this review paper was exclusively on bonding to ground, smear layer-covered enamel and dentin. Although numerous studies have been reported and published in this field, specific focus was on the research and development of acidic adhesive monomers used in the design of self-etching primers and single-step, self-etching adhesives.
To develop a single-bottle, self-etching adhesive that delivers effective bonding to both ground enamel and dentin with long-term durability, further research efforts should continue unabated on seeking out advanced, hydrolytically stable adhesive monomers and more advanced bonding technologies.
CONCLUSIONS
Noteworthy conclusions drawn from this review paper are as follows:
1. Besides adhesive monomers, polymerization accelerators in self-etching primers also contributed to effective bonding performance to ground dentin. 2. Shear bond strength to ground dentin correlated with the chemical structure of -amino acids, stemming from the electronegativity of substituent alkyl group (-R) in NH2-CHR-COOH. 3. Being endowed with a water-soluble nature and sufficient demineralization capability, new phosphonic acid monomers, e.g., 6-methacryloyloxyhexyl phosphonoacetate and 6-methacryloyloxyhexyl 3-phosphonopropionate, helped to bring to fruition self-etching, HEMA-free adhesives at a low concentration in their formulations.
4. An experimental single-bottle, self-etching, HEMA-free adhesive, SA-1 (pH=3.0), did not significantly (p>0.05) degrade in shear bond strength to ground enamel and dentin after 6-week storage at 50°C. 5. Numerous hydrolytically stable radical polymerizable acidic monomers which have amide or ether bond were developed recently, such as N-methacryloyl-ω-aminoalkylphosphonic acid, N-(6-methacryloylaminohexyl)-3-phosphonopropionamide and (1-hydroxy-6-methacrylamide hexyliden)bisphosphonic acid.
